Potassium channels are membrane proteins that allow the passage of potassium ions at near diffusion rates while severely limiting the flux of the slightly smaller sodium ions. Although studies thus far have focused on the narrowest part of the channel, known as the selectivity filter, channels are long pores with multiple ions that traverse the selectivity filter, the water-filled central cavity, and the rest of the pore formed by cytoplasmic domains. Here, we present experimental analyses on Kir3.2 (GIRK2), a G proteinactivated inwardly rectifying potassium (Kir) channel, showing that a negative charge introduced at a pore-facing position in the cavity (N184) below the selectivity filter restores both K ؉ selectivity and inward rectification properties to the nonselective S177W mutant channel. Molecular modeling demonstrates that the negative residue has no effect on the geometry of the selectivity filter, suggesting that it has a local effect on the cavity ion. Moreover, restoration of selectivity does not depend on the exact location of the charge in the central cavity as long as this residue faces the pore, where it is in close contact with permeant ions. Our results indicate that interactions between permeant ions and the channel cavity can influence ion selectivity and channel block by means of an electrostatic effect.
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inward rectification ͉ permeation ͉ permeability ͉ GIRK modeling ͉ Kir3 P otassium channels are found in all kingdoms and domains and serve a wide range of important physiological functions, such as volume regulation and potassium transport in plants (1, 2) and the control of insulin release, blood flow, heart rate, neuronal signaling, and potassium secretion in the kidney and inner ear of animals (3) (4) (5) . These physiological functions rely critically on the channel's ability to permeate K ϩ and not Na ϩ , which is smaller and more abundant in nature. To understand how K ϩ channels fulfill their physiological functions, and to gain some appreciation as to how their remarkable selectivity for K ϩ permeation might have evolved, it is important to characterize all of the features of the K ϩ channel pore that contribute to its ability to discriminate between potassium and other ions.
Our understanding of K ϩ channel selectivity has gained considerable insight from the KcsA potassium channel crystal structure, which revealed that four identical subunits come together to form a central pore (6) . The pore is most constricted over a narrow span, termed the selectivity filter, which is formed by four loops bearing the amino acid sequence GYG near the extracellular side of the membrane. This sequence is highly conserved throughout the K ϩ channel superfamily and is thought to underlie the basis of K ϩ selectivity; therefore, it is called the K ϩ channel signature sequence (7) . Although it is clear that this sequence plays a key role in selectivity, it makes up only a fraction of the channel's entire permeation pathway, and the relative contributions to K ϩ selectivity from the selectivity filter and the rest of the channel pore are still not known.
This gap in our knowledge is highlighted by the existence of channels that bear the K ϩ channel signature sequence yet are poor at discriminating K ϩ from Na ϩ , such as the hyperpolarization-activated cyclic nucleotide-gated cation channel (8, 9), the Slick channel (2) and the rSK2 channel (10) . As for those channels that we call K ϩ channels, selectivity ranges from a 1,000-to 10-fold preference for K ϩ over Na ϩ (4) . Even for the same K ϩ channel, ion selectivity may vary with the extent of channel activation and͞or inactivation (11) (12) (13) . It is not yet understood whether these wide-ranging differences in ion selectivity could be accounted for by differences in the conformation of the selectivity filter and͞or by structural features elsewhere in the channel.
Mutations outside the selectivity filter, including positions in the transmembrane helix (14, 15) and the cytoplasmic domain (16) , have been shown to affect selectivity, although the underlying mechanism is unknown. In a previous study, we identified mutations in the pore-lining inner M2 segment of Kir3.2 [a G protein-activated inwardly rectifying potassium (Kir) channel], such as the S177W mutation, that greatly reduce the channel's ability to discriminate between K ϩ and Na ϩ (15) . With this nonselective channel as a starting point, we sought to define determinants of K ϩ selectivity by using molecular evolution and searched for second-site suppressors that restore K ϩ selectivity to the S177W mutant channel. We identified several second-site suppressors, all outside the selectivity filter, revealing previously unidentified structural elements that are important for K ϩ selectivity and suggesting that selectivity may not be controlled solely by the selectivity filter (15) . By following up on a particular second-site suppressor in the channel central cavity, we now demonstrate that K ϩ selectivity can be regulated through judicious engineering of cavity residues in Kir3.2 channels. We show that introducing a negative charge at pore-facing positions in the channel's central cavity dramatically increases the selectivity for K ϩ over Na ϩ and improves channel block by intracellular cations and polyamines, a feature known as inward rectification. The experimental data presented here and the theoretical analyses presented in our companion paper (17) strongly support an electrostatic mechanism. These findings then raise the possibility that the long pore of K ϩ channels not only allows channel modulation by physiologically relevant blocking ions but also enables incremental improvements of K ϩ selectivity during evolution before the perfection of the selectivity filter.
causes the channel to open in the absence of regulatory G␤␥ proteins while leaving other properties unchanged (14) (Fig. 1A) . Meanwhile, a less conservative substitution at this position, S177W, nearly abolishes the channel's ability to discriminate between Na ϩ and K ϩ ions (Fig. 1B) , even though these channels still bear the intact K ϩ channel signature sequence. Starting from this nonselective channel, we used the molecular evolution approach to identify several mutations, all within the transmembrane domains, that restore selectivity to the double mutant channel bearing the S177W mutation (15) . In particular, the N184D mutation of the M2 inner helix completely restores K ϩ selectivity (Fig. 1C) . To begin our analysis of how these mutations affect K ϩ selectivity, we first explore the possibility that the S177W mutation compromises K ϩ selectivity by causing some distortion of the selectivity filter and then ask how the N184D mutation might restore K ϩ selectivity.
Effect of the M2 Helix Mutations on the Geometry of the Selectivity
Filter. Homology models of the Kir3.2 channel that are based on the crystal structure of the closely related bacterial Kir channel KirBac1.1 (18) provide guidance on how these M2 mutations might affect the selectivity filter ( Figs. 1 and 2 ). S177T (blue residue in Fig. 1 A) is situated between the pore helices, where it causes only minor perturbations to the selectivity filter (blue curve in Fig. 2 ). In contrast, Trp (W) at this position (red residue in Fig. 1 B and C) fills the space behind the selectivity filter and causes systematic deviations to the filter (red curve in Fig. 2 ). Thus, selectivity filter distortions by S177W, but not by S177T, likely contribute to the differences in selectivity between these two mutant channels. It is possible that S177W decreases filter flexibility, consistent with a theory that a rigid filter cannot discriminate between ions (19) . Alternatively, S177W could have reduced K ϩ selectivity by displacing Y157, a critical site for KcsA selectivity (19) . N184D (green residue in Fig. 1C ), however, is Ͼ9 Å away and protrudes into the central pore, adjacent to the cavity ion. N184D alone does not produce systematic rearrangements in the selectivity filter (dashed green curve); the S177W-N184D double mutant channel has a pattern of distortion (green curve) similar to that of the S177W single mutant channel (Fig. 2) . Thus, it appears that N184D restores K ϩ selectivity without readjusting the selectivity filter.
Only Negative Charges in the Cavity Enhance K ؉ Selectivity. To explore how this cavity residue affects selectivity, we replaced N184 with amino acids comprising a range of sizes and chemistries (Q, E, R, K, S, A, and M, in addition to D), all in the background of the nonselective S177W channel (Fig. 3) . We then examined the currents generated by these double mutant channels in Xenopus oocytes by using two-electrode voltage clamp in either Na ϩ -or K ϩ -containing solutions (Fig. 6 , which is published as supporting information on the PNAS web site). Selectivity is quantified by the relative permeability ratio of Na ϩ to K ϩ (P Na ͞P K ) and determined under biionic conditions from reversal potential values of the toxin-sensitive Kir3.2 current (20) ( Table  1) . Only N184E restored K ϩ selectivity in a manner similar to N184D, whereas the other substitutions resulted in nonselective channels. The double mutant channels, S177W-N184D and S177W-N184E, did not produced significant inward current in 90 mM Na ϩ bath solution compared with the S177W single mutant channel and various S177W-N184X (where X is A, M, Q, S, K, or R) double mutant channels (Fig. 3) . Acidic substitution reduced the P Na ͞P K ratio to values comparable with WT Kir3.2 channels, whereas hydrophobic, hydrophilic, and basic substitution resulted in nonselective channels (Table 1) (21) . These experiments reveal that only acidic residues at this pore-facing site in the channel cavity are capable of reinstating K ϩ selectivity to the nonselective S177W channel. Representative current traces obtained from Xenopus oocytes expressing S177T channels bathed in 90 mM Na ϩ or 90 mM K ϩ show that S177T channels carry K ϩ current but not Na ϩ current. (B) Kir3.2 channel with an S177W (red) mutation that fills the space behind the selectivity filter. Current traces illustrate large inward fluxes for both K ϩ and Na ϩ for this nonselective S177W mutant. (C) Kir3.2 double mutant channel with a S177W (red) mutation and a N184D (green) mutation in the center of the central cavity near a K ϩ ion (blue). The double mutant channel has regained K ϩ selectivity and exhibits similar current traces to the K ϩ -selective S177T channel. Currents were recorded at membrane potentials ranging from ϩ40 to Ϫ150 mV from a holding potential of 0 mV and are shown in 20-mV increments.
Relative Displacement
Aminoacids Fig. 2 . Average distortions in the selectivity filter introduced by mutant residues. The relative displacement of amino acids from the K ϩ signature sequence, TTIGYG, was deduced from Kir3.2 mutant models. The filters of S177T (blue) and N184D (green dashed) mutant channels are similar to WT models (not shown). However, S177W (red) introduces systematic distortions into the filter (up to 1.5 Å). Consistent with this observation, there is greater variation in the filter geometry for S177W models compared with WT models. The N184D mutant combined with S177W (green) does not restore the pattern of distortion created by S177W (red). The S177W-N184D and N184D distributions are significantly different at all positions as analyzed with nonparametric statistics.
It is believed that the channel interacts electrostatically with cavity ions to further stabilize their presence in the center of the channel͞bilayer complex. This interaction is enhanced by charged and polar residues lining the cavity (22) and by the charge dipoles of the pore helices (6) . We believe that the primary effect of charged residues at the N184 position is an electrostatic stabilization of the cavity ion, and, in our companion paper (17), we use electrostatic calculations to show that N184D͞E stabilize the cavity ion by 10 k B T relative to the WT channel. Such a large energy is biologically significant and can evoke dramatic changes in conduction properties.
All Cavity-Facing Residues Affect Selectivity. To further test the dependence of K ϩ selectivity on negative charges in the channel cavity, we systematically introduced Asp (D) residues at several other cavity positions (Fig. 4) , with the hypothesis that longrange electrostatic interactions should restore K ϩ selectivity regardless of the exact position of the mutation. Examination of the inner M2 transmembrane segment revealed two helix faces in close apposition to the conduction pore (Fig. 4A) . Thus, we placed Asp (D) on face 1 to substitute for G180, N184, or V188 (in green) and on face 2 to replace S181, A185, or G189 (in red) (Fig. 4A) . Interestingly, a striking pattern of selectivity emerges: Asp (D) restores K ϩ selectivity at all mutated positions along face 1 but at none of the positions on face 2 ( Fig. 4B and Table  1 ; see also Fig. 7 , which is published as supporting information on the PNAS web site). This all-or-nothing change in selectivity may be understood from the homology model in Fig. 4C , which shows residues along face 1 (green) residing closer to the cavity ion (blue). Moreover, residues along face 2 (red) have less aqueous exposure; the more hydrophobic environment is likely to favor the protonation of the Asp (D) residues so as to reduce their electrostatic effect.
Effects on Rectification. The effect of charge mutations on the block and rectification of Kir channels is well known (22) (23) (24) (25) (26) (27) (28) (29) . We see a correlation between loss of K ϩ selectivity and reduced potency for channel block at depolarized potentials by intracellular Mg 2ϩ and polyamines, as previously reported (26, (30) (31) (32) . However, the reduction of rectification by S177W is not as acute as what has been previously reported for other mutations, leading us to believe that the selectivity filter remains largely intact. Interestingly, negative charge mutations of cavity residues along face 1, such as N184D͞E, G180D, and V188D, not only restore K ϩ selectivity but also eliminate the reduction of inward rectification due to the S177W mutation ( Fig. 5 A and C) . In contrast, hydrophobic (A, M) and uncharged hydrophilic (Q, S) substitution at N184 as well as Asp (D) substitution along face 2 have no effect on the rectification properties of S177W-containing mutant channels, whereas positive charge mutations at N184 (K, R) produce a further loss of rectification ( Fig. 5 B  and C) . The increased inward rectification due to negative charges in the cavity, illustrated in Fig. 5A and similar to previous findings (28, 33) , can be accounted for by increased channel occupancy by Mg 2ϩ and polyamine, as expected from electrostatic considerations. Accordingly, positive charge mutations are expected to decrease the occupancy of these positively charged blocking ions, resulting in reduced inward rectification, which is what we see experimentally (Fig. 5B) . Moreover, the rectification data further support the hypothesis that Asp (D) residues placed on face 2 are neutral, whereas acidic residues introduced to face 1 are negatively charged (Fig. 4C) .
Discussion
The existence of K ϩ channels rendered nonselective by means of mutations outside the K ϩ signature sequence, such as the Kir3.2 S177W mutant channel, as well as native hyperpolarizationactivated cyclic nucleotide-gated cation channels lacking K ϩ selectivity, raise the possibility that K ϩ selectivity might be controlled by other structural features in addition to the conserved K ϩ signature sequence. However, this knowledge does not predict whether, where, and how mutations would arise to bestow potassium selectivity. Having identified mutations in the central cavity that restored K ϩ selectivity to a nonselective S177W mutant channel, we sought to define the biophysical constraints of this effect. Our findings reveal important insights that might help us to understand how K ϩ selectivity can be regulated and how selective K ϩ channels evolved.
Evidences for Electrostatic Interactions Between Channel Pore-Facing
Residues and Cavity Ions. The nonselective S177W mutant Kir3.2 channel becomes K ϩ selective when the pore-facing M2 residues in the central cavity are replaced with negatively charged amino acids, Asp (D), or Glu (E). This observation and several other aspects of our Asp (D) scan of the cavity residues of Kir3.2 suggest that the recovery of K ϩ selectivity is mediated not by an increased selectivity at the filter sites but by electrostatic interactions between pore-facing residues and cavity ions.
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First, because Trp (W) is a nonpolar residue, it is unlikely that the Asp (D) residues in the cavity electrostatically interact with S177W (Fig. 1) . Second, based on our models of the Kir3.2 mutant channels, the second-site suppressor, N184D, does not produce significant deviation of selectivity filter amino acids compared with WT or a K ϩ -selective mutant (S177T). Also, although N184D restores K ϩ selectivity to the S177W mutant channel, it does not alter the deviation of the filter amino acids introduced by S177W (Fig. 2) . Third, as expected for an electrostatic mechanism, K ϩ selectivity was reinstated by Asp (D) substitutions at three different porefacing M2 sites (G180D, N184D, and V188D) but not at partially buried sites where acidic residues are likely to bear no charge (Fig. 4) . Fourth, the second-site suppressor V188D is nearly three helical turns away from the bottom of the selectivity filter and S177W, yet its effect on selectivity is as profound as that of N184D (two helical turns away) and G180D (one helical turn away) (Fig. 4) . Notably, these positions are nearly equidistant to the cavity ion. Fifth, we generally think of K ϩ selectivity in terms of the packing geometry and motion of the selectivity filter. In principle, the packing geometry of a folded protein can be altered by mutations in unpredictable ways; mutations at different sites are unlikely to have the same effect on the packing geometry of the selectivity filter. Importantly, substitutions of G180, N184, and V188 with Asp (D) all produced the same, nearly complete gain in K ϩ selectivity despite their drastically different initial side-chain chemistry (Fig. 4) . Finally, we have also found that there is a correlation between the mutations' effects on K ϩ selectivity and the inward rectification proper- The difference in reversal potential (⌬E) that occurred with 90 mM Na ϩ and 90 mM K ϩ solutions was measured from the current-voltage relations obtained from recording Xenopus oocytes expressing Kir3.2 channels and corrected for junction potential (4 mV). The relative permeability ratios of Na ϩ and K ϩ (PNa͞PK) were then deduced by using a form of the Goldman-Hodgkin ties, as expected from electrostatic considerations of the interaction of cavity-facing residues with the positively charged blocking ions (Fig. 5 ). These observations strongly implicate electrostatic interactions with cavity ions as the cause for enhanced K ϩ selectivity, but given that such interactions generally have equal effects on K ϩ and Na ϩ , it is not clear exactly how K ϩ selectivity is enhanced. In our companion paper (17) in the following pages, we explore this question theoretically and develop a mechanistic explanation. Briefly, we show that favorable interactions of cations with N184D change their rates into and out of the cavity site, shifting the rate-limiting step for conduction away from a transition that is nearly equal for K ϩ and Na ϩ to one that is much slower for Na ϩ .
Evolving K ؉ Selectivity by Mutation of the Residues Lining the
Permeation Pathway. Our findings provide one plausible answer to the question that originally motivated our molecular evolution experiments: How might K ϩ selectivity have evolved? With the K ϩ selectivity considerations focused on the precise alignment of the selectivity filter to approximate the hydration shell of K ϩ but not Na ϩ , which differ by Ϸ1͞10 in diameter (0.4 Å), it follows that K ϩ selectivity must have emerged during evolution by means of progressive improvements in the placement and dynamics of the backbone carbonyl oxygen atoms of the selectivity filter until they were able to specifically coordinate the partially dehydrated K ϩ : a remarkable feat. Another possibility emerges from our finding of the tremendous gain in K ϩ selectivity by means of electrostatic stabilization of the cavity ion. In this scenario, a primordial channel could have first gained some structural features that endowed a modest preference for K ϩ binding in the pore but with little evidence for K ϩ selectivity in ion permeation (in essence, analogous to the S177W channel) and then accomplished functional K ϩ selectivity during evolution with simple mutations of porelining residues that strengthen ion interaction, likely electrostatic in nature. An already functional (although primitive) K ϩ channel would stand to be selected for, and improve its pore-lining structures in evolution, resulting in K ϩ channels displaying a range of features for K ϩ selectivity. Here, biology may echo engineering in instigating more than one mechanism to ensure the robustness of a desired outcome. Although discussions of evolution by nature are speculative, these considerations are in line with the results from our previous molecular evolution experiments (15) and the experimental verification of predictions presented in this study.
Toward a Concerted Control of K ؉ Selectivity Along the Entire Channel
Permeation Pathway. Although our results concentrate on the effect of negative charges along the transmembrane inner helix of K ϩ channels on selectivity and rectification, other residues along the conduction pathway may evoke the same phenomenon. For Kir channels in particular, additional cytoplasmic cationbinding sites act in concert with cavity cation-binding sites to control inward rectification (4, (23) (24) (25) (27) (28) (29) . Although most K ϩ channels are highly selective, the contribution from the selectivity filter may only be part of the story for K ϩ selectivity. The presence of multiple ion-binding sites may provide additional amplification of K ϩ selectivity and could allow an ion channel to achieve a high degree of selectivity in multiple discrete steps during evolution. It also provides a rich forum for potential regulation and opens the possibility for changing the selectivity of K ϩ channels by adjusting the channel's interaction with ions outside the selectivity filter. The possibility of altering K ϩ selectivity further raises the question of whether the changes in K ϩ selectivity during voltage-gated K ϩ channel activation and inactivation may arise from conformational changes outside the selectivity filter.
Materials and Methods
Constructs and Oocyte Expression. Kir3.2 (GIRK2) was cloned into the HindIII-XhoI sites of a derivative of pGEM vector (34). 
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Site-directed mutagenesis was performed based on PCR of the full-length plasmid by using Pfu Turbo DNA polymerase (Stratagene, La Jolla, CA), and the entire cDNA was sequenced. (4), E rev,Na is the reversal potential measured in Na ϩ -containing solution, and E rev,K is the reversal potential in K ϩ -containing solution. To control for the contribution of endogenous channels, the difference between currents obtained before and after addition of a 1 M concentration of a nonoxidizable mutant blocker of the Kir3.2 channel (tertiapin-Q, TPN Q ) was used to determine the reversal potential (20) . TPN Q subtraction did not alter the P Na ͞P K measurement for nonselective channels, but it did decrease the estimate for P Na ͞P K of selective channels. We therefore applied subtraction only for selective channels (see Table 1 ). All reversal potential measurements were corrected for junction potential (4 mV). Statistics were carried out with one-way ANOVA followed with Tukey's multiple comparison test, comparing all mutants with S177W.
Modeling. We used the KirBac1.1 crystal structure as a template to construct 3D homology models of Kir3.2 by using the alignment in ref. 35 . A representative structure was chosen based on agreement with known mutational analysis and a fitness score that accounts for biophysical properties and the geometric closeness of the model to the template (36, 37) . Subsequent mutations were generated from this original WT model. It is of note that KirBac1.1 lacks two conserved residues that f lank the selectivity filter and play a crucial role in selectivity and function, possibly through forming a stabilizing salt bridge (31, 38) . This salt bridge was introduced at the initial stage of construction by using artificial restraints. Channels were minimized for 3,000 steps in a vacuum by using the CHARMM27 parameter set with full electrostatics in NAMD (39) . Potassium ions were included in the S1 and S3 filter sites and the cavity and held fixed during minimization. This process was repeated 100 times for each mutant to construct the curves in Fig. 2 . rmsds of the filter atoms compared with the initial WT model were averaged over the set of models. This averaging analysis was repeated for the corresponding WT-to-WT control runs to account for stochastic variation introduced by homology modeling. The graph in Fig. 2 shows the rms values normalized by the appropriate control pattern. . Acidic side chains at N184 (N184D/E) suppress the large Na + current due to the S177W mutation. Different substitutions at the N184 position were introduced in the background of S177W and compared with the S177W and S177T mutant channels. Two-electrode voltage-clamp currents were recorded from Xenopus oocytes expressing Kir3.2 mutant channels, and the means ± SEM of measurements were plotted as I-V curves in 90 mM Na + (filled circles) and in 90 mM K + (open circles). S177T allows only K + permeation, whereas K + and Na + can permeate the S177W channel. Substitution by an acidic residue at N184 (D or E) in S177W abolishes Na + permeability, whereas other substitutions have no effect. For S177W-N184D and S177W-N184E, the current values in Na + represent TPN Q -corrected curves. For all curves, 6-10 oocytes were averaged from the same batch; similar results were obtained with different batches of oocytes.
Institution: GENERAL LIBRARIES
Supporting Figure 7 Fig. 7. Profile of selectivity for Asp mutation at residues from the M2 helix of Kir3.2. Residues from two different faces of the M2 helix of Kir3.2 were mutated individually to D in the background of S177W, and their permeability was measured in Xenopus oocytes. Currents were recorded by using a two-electrode voltage clamp, and the means ± SEM of the measurements were plotted as I-V curves in 90 mM Na + (filled circles) and in 90 mM K + (open circles). Mutations to D at residues from one face of M2 (G180, N184, and V188) abolish Na + permeability to the mutant channels, whereas mutations of residues from the adjacent face (S181, A185, and G189) have no effect. For S177W-G180D, S177W-N184D, and S177W-V188D, the current values in Na + represent TPN Q -corrected curves (n = 6-11 oocytes). 
